Discrimination between cognate and non-cognate tRNAs by aminoacyl-tRNA synthetases occurs at several steps of the aminoacylation pathway. We have measured changes of solvation and counterion distribution at various steps of the aminoacylation pathway of glutamyl-and glutaminyl-tRNA synthetases. The decrease in the association constant with increasing KCl concentration is relatively small for cognate tRNA binding when compared to known DNA±protein interactions. The electroneutral nature of the tRNA binding domain may be largely responsible for this low ion release stoichiometry, suggesting that a relatively large electrostatic component of the DNA±protein interaction free energy may have evolved for other purposes, such as, target search. Little change in solvation upon tRNA binding is seen. Non-cognate tRNA binding actually increases with increasing KCl concentration indicating that charge repulsion may be a signi®cant component of binding free energy. Thus, electrostatic interactions may have been used to discriminate between cognate and non-cognate tRNAs in the binding step. The catalytic constant of glutaminyl-tRNA synthetase increases with increasing osmotic pressure indicating a water release of 8.4 T 1.4 mol/mol in the transition state, whereas little change is seen in the case of glutamyl-tRNA synthetase. We propose that the signi®cant amount of water release in the transition state, in the case of glutaminyl-tRNA synthetase, is due to additional contact of the protein with the tRNA in the transition state.
INTRODUCTION
Correct aminoacylation of cognate tRNAs by aminoacyltRNA synthetases (aaRSs) is perhaps the most important step in translation of mRNA code to the linear sequence of amino acids with high ®delity. In vivo, the aaRSs have to achieve a high degree of speci®city in aminoacylation in the presence of many non-cognate tRNAs presenting similar conformational features (1) . This high degree of speci®city is a result of direct interactions and indirect conformational preferences of different nucleo-bases present in different tRNAs. It is likely that all the bases do not play an important role in imparting aǹ identity' on a tRNA. Those bases which are important in determining the identity of a tRNA in terms of correct aminoacylation have been termed`identity elements' and have been mapped for several tRNAs (2) .
Mechanistically, how these identity elements increase aminoacylation rate, is not completely understood. Their in¯uence may occur at several stages: (i) at the initial binding level, (ii) at the catalysis level or (iii) at the post catalysis step, i.e. editing (3) . Although editing is probably an important feature of some aaRSs, it is unlikely to be of general importance. The binding and catalysis steps can be separated in a formal sense and the importance of each step can be elucidated in the process. The nature of the ground states and the transition states along the aminoacylation pathway has to be elucidated for a proper understanding of the structural basis of discrimination between cognate and non-cognate tRNAs.
One of the ways to investigate the nature of the transition states and ground states is to study the effect of ionic strength and solvation on different steps of aminoacylation. A number of workers have investigated ion and water release that occurs upon protein±DNA interaction (4, 5) . In the case of regulatory proteins, ion and water release upon binding of a protein to speci®c DNA sequence constitutes a major driving force. On the other hand, very little water release occurs upon binding of these proteins to non-speci®c DNA sequences, which is driven primarily by ion release (6) . It has been suggested that the water release in the speci®c complexes may occur because of direct, speci®c hydrogen bonding of protein side-chains with the polar atoms in the major and minor grooves of DNA, which does not occur in the non-speci®c complexes. In addition, catalytic steps of restriction endonucleases have been probed for water release using neutral osmolytes. Sligar and co-workers have looked at the dependence of the catalytic constant (k cat ) upon osmotic pressure to infer solvation changes in the transition state (7, 8) .
Clearly, use of such techniques to study ion and water release in the ground and transition states of aminoacylation would yield important information about how the speci®city of aminoacylation is achieved. The initial binding step of tRNA and aaRS interaction has been studied for several cognate tRNAs and their mutants, primarily by derivation of K M through steady-state kinetics (9, 10) . A study of direct equilibrium binding of tRNAs with aaRSs as a function of salt or osmolyte concentration can provide a wealth of information about ion distribution and solvation change. This in turn can provide information on the nature of the forces involved in tRNA±aaRS complexes. More importantly, knowledge about the transition state can be derived by studying the effect of salt and osmolytes on k cat . Due to its transient nature, these types of indirect techniques are the only ones available for elucidation of the nature of the transition state.
In this work, we have studied ion and water release that occurs upon binding of tRNA gln and tRNA glu to their cognate aaRSs, glutaminyl and glutamyl-tRNA synthetase from Escherichia coli, which are closely related. We have also studied the solvation changes in the transition state of the ratedetermining step of the aminoacylation reaction.
MATERIALS AND METHODS

Materials
tRNA glu , ATP, L-glutamic acid and Sephadex G-25 were purchased from Sigma Chemical Co. (St Louis, MO, USA). The measured speci®c activity of tRNA glu was~1.5 nmol/A 260 and was used without further puri®cation. All other chemicals were of analytical grade.
Methods
Glutamyl-tRNA synthetase (GluRS) puri®cation. Puri®cation of GluRS was carried out according to Brisson et al. (11) . The speci®c activities were comparable to those reported in 11.
Glutaminyl-tRNA synthetase (GlnRS) puri®cation. GlnRS was puri®ed according to Hoben et al. (12) with some minor modi®cations as described by Bhattacharyya et al. (13) . Enzyme assays are also described in the same article. The protein preparation showed a single band on SDS polyacrylamide gel and had speci®c activities comparable to those reported in 13.
tRNA Gln puri®cation. Cells harboring pRS3 were grown according to the method described by Perona et al. (14) and tRNA gln was puri®ed from harvested cells using the methodology described in Bhattacharyya et al. (13) . Speci®c activities of~2 nmol/A 260 units were obtained.
tRNA Glu puri®cation. Escherichia coli (DH5a) containing pKR15 plasmid (15) was grown overnight in Luria±Bertani broth medium supplemented with 100 mg/ml ampicillin at 37°C. Cells were pelleted down at 5000 r.p.m. for 15 min. Cells (12 g) were resuspended in 20 ml buffer E (10 mM magnesium acetate, 10 mM Tris±HCl, pH 7.2). To 20 ml cell suspension, an equal volume of phenol (saturated with 10 mM Tris±HCl, 1 mM EDTA, pH 7) was added and shaken for 30 min in a dark environment. The phenol layer was extracted thrice. The aqueous layers were pooled and 2.5 vol ice-cold isopropanol was added and kept at ±20°C overnight. The precipitate was pelleted down at 4°C for 25 min at 14 000 r.p.m. The pellet was then resuspended in another buffer (0.2 M Tris±HCl, pH 9) at room temperature under sterile conditions. The solution was again centrifuged at 4°C for 10 min at 14 000 r.p.m. and the supernatant was removed.
The supernatant was then loaded onto a 20 ml DE-52 column, which was already equilibrated with buffer F (0.02 M Tris±HCl, pH 7.5 containing 0.2 M NaCl, 0.001 M EDTA, 0.01 M magnesium chloride and 0.002 M sodium thiosulphate). After loading, the column was washed with the same buffer and then eluted with a linear gradient from 0.2 to 0.9 M NaCl in the same buffer at a¯ow rate of 1 ml/min. The tRNA Glu activity was eluted near 0.4 M NaCl. The speci®c activity of pure fractions was above 1.5 nmol/A 260 unit.
Surface area calculation. Surface area calculation was done using appropriate PDB coordinates with the GETAREA program from the University of Texas (http://www.scsb.utmb. edu/getarea/area_man.html#references).
NMR methods. All NMR spectra were obtained in a Bruker DRX-500 spectrometer using the WATERGATE water suppression method. All NMR experiments were conducted in 10 mM potassium phosphate buffer, pH 7.5 containing 10 mM MgCl 2 and 1 mM EDTA at 27°C.
Fluorescence methods. Steady-state¯uorescence was measured in a Hitachi F3010 spectro¯uorometer. The temperature was controlled by circulating water at appropriate temperatures through the chamber and the cuvette holder. The excitation and emission band passes were 5 nm, unless stated otherwise. Spectra of appropriate buffers were always subtracted from the¯uorescence spectra.
Binding of tRNA to aaRSs by tryptophan¯uorescence quenching was carried out at 25°C. For GlnRS, the buffer was 10 mM Tris, pH 7.5 containing different concentrations of KCl, with or without 5 mM MgCl 2 . In the case of solvation change measurements with triethylene glycol (TEG), the buffer was 100 mM Tris±HCl buffer, pH 7.5 containing 2.5 mM ATP and 15 mM MgCl 2 or without ATP and MgCl 2 . The bandpasses were 3 and 5 nm for excitation and emission, respectively. For GluRS titrations, the buffer was 10 mM HEPES pH 7.2, containing 5 mM MgCl 2 . The excitation was at 295 nm and the emission wavelength was 340 nm. Fluorescence at each point was measured separately. Thē uorescence of the protein at a concentration of 0.2 mM was determined ®rst. A pre-determined concentration of tRNA was added to that and after~1 min, the¯uorescence was determined again. The inner ®lter effect was corrected using the following formula:
The ratio of the corrected¯uorescence intensities was used as a measure of quenching. The data were ®tted to a single site binding equation, using Kyplot (Koichi Yoshioka, 1997±1999, version 2.0 beta 4). At least four experiments were done under all conditions and average values and standard deviations were used to construct the plots. In order to calculate cation release stoichiometry, GlnRS/tRNA Gln binding parameters in the presence of KCl were ®tted to the above equation. Water release stoichiometry was calculated from the slope of log 10 K obs versus [TEG] plot, as developed by Garner and Rau (4).
where Dn W is the change in the number of solute-excluding water molecules coupled to GlnRS/tRNA Gln binding.
k cat calculation and Dv ¹ determination
Enzyme assays were performed as described previously (13), except that substrates were kept at saturating concentrations, at different ethylene glycol concentrations from 0 to 3 M to achieve the desired osmolalities. 
RT
where R is the gas constant, and T is temperature. Solvation change was calculated according to Lynch and Sligar (7).
RESULTS
Ion release resulting from protein±DNA interaction has been studied from the dependence of binding equilibrium on ionic strength. A similar technique is used here for tRNA±aaRS interaction. Figure 1 shows a log±log plot of association constants versus KCl concentrations for GlnRS/tRNA Gln interaction in the absence of MgCl 2 . The plot shows a monotonic decrease in af®nity with increasing KCl concentration. The slope of the line corresponds to a cation release stoichiometry of 1.3 T 0.3. Since in vivo, magnesium is always present, we have determined the cation release stoichiometry in the presence of magnesium (inset). A value of 1.31 T 0.12 was obtained in the presence of 5 mM MgCl 2 . These values for tRNA±aaRS interaction are much smaller than reported for several protein±DNA interactions. This low cation release stoichiometry was also qualitatively veri®ed bȳ uorescent 5-({[(2-iodoacetyl)amino]ethyl}amino) naphthalene-1-sulfonic acid (IAEDANS) modi®ed tRNA Gln . The cation release stoichiometry was found to be 0.93 T 0.3 even for a modi®ed tRNA, suggesting qualitative agreement (data not shown). We have explored the generality of the previous results by studying another tRNA±aaRS interaction. GluRS is the most closely related aaRS to GlnRS. Figure 1 also shows the log K a versus log [MX] plot for GluRS/ tRNA Glu system from E.coli in buffers containing 5 mM MgCl 2 . 5 mM MgCl 2 was included in all tRNA Glu experiments as it is well known that the tRNA is non-functional without relatively high Mg 2+ concentrations (16) . The slope of the plot is similar to the GlnRS/tRNA gln plot with an ion release value of 1.7 T 0.22. In lac repressor, Record and co-workers have estimated a cation release stoichiometry of~8 upon lac repressor dimer binding to operator (17) indicating that the role of electrostatics in tRNA±aaRS interaction is qualitatively different from that in the DNA±protein interactions.
Neutral osmolytes have been widely used to estimate solvation changes that occur during protein±DNA complex formation. Figure 2 shows a plot of log association constant as a function of a neutral osmolyte, TEG. The inset shows thē uorescence quenching at two different TEG concentrations. The association constant increases modestly as the concentration of TEG is increased up to 1.5 M, indicating a modest amount of water release upon complex formation. The slope of the line indicates 0±4 mol/mol of water is released when the tRNA±aaRS complex is formed. Since Mg 2+ is known to bind to tRNA with high af®nity at some pockets, we have also investigated whether the presence of Mg 2+ in any way reduces the water release stoichiometry. The water release is signi®-cantly higher in the absence of Mg 2+ (~10±15 water molecules). However, even this increased number is much smaller than the water release that occurs upon speci®c protein±DNA complex formation. We have also examined the solvation change that occurs upon interaction of tRNA Glu with GluRS. Figure 2 also shows the plot of [TEG] versus . Association constants were determined by quenching of tryptophan¯uorescence as described in Methods. The excitation wavelength was 295 nm and emission wavelength was 340 nm. The protein concentration was 0.2 mM. Each point is an average of four independent titrations. The average standard error for each point is~1%. The error bars are not shown as they lead to crowding. association constant for GluRS/tRNA Glu system in the presence of magnesium. Again, like the GlnRS/tRNA Gln system, the water release is between 0 and 4 mol/mol upon complex formation.
The rate-determining step in the aminoacylation pathway appears to be the transfer of activated amino acid to the 3¢ hydroxyl group of the terminal A76 (18, 19) . We have investigated solvation changes in the transition state by studying the dependence of k cat on osmotic pressure. Figure 3 shows the plot of ln[k cat /k°c at ] versus osmotic pressure for the GlnRS/tRNA Gln system. The plot shows reasonable linearity and the slope translates to a water release stoichiometry of 8.4 T 1.4 mol/mol. This indicates that additional surface area becomes buried in the transition state, the measure of which is probably dependent upon the degree of solvation in the previous ground state. Although this burial of surface area can occur within the protein or the tRNA, a distinct possibility is that this occurs because of additional contact between the tRNA and the protein. This transient contact during the transition state will lead to stabilization of the transition state and rate enhancement of aminoacylation. It has been shown that mutations in some identity elements lead to signi®cant lowering of k cat (increase in activation energy). The identity elements may thus act by lower the activation energy at the rate-determining step (20) . It is likely that this lowering of activation energy occurs because of transient contact of these bases with protein atoms during the transition state. To test another tRNA±aaRS pair, we have investigated solvation changes in the transition state by studying the dependence of k cat of aminoacylation of tRNA Glu by GluRS, on osmotic pressure. Figure 3 also shows the plot of ln[k cat (p)/k cat (0)] versus osmotic pressure for the tRNA Glu ±GluRS pair. The plot shows reasonable linearity and the slope translates to a water release stoichiometry of~1 mol/mol. This would indicate very little burial of additional surface area from the solvent in the transition state. Although this small solvation change can be interpreted as no additional contact in the transition state, it cannot completely rule out the possibility of additional contact, since burial of surface areas may not always lead to signi®cant solvation change.
In the cellular milieu, an aaRS has to reject many noncognate tRNAs with a high degree of accuracy. It appears that in at least one case, the K M difference is fairly large between a non-cognate and cognate tRNA (21) . Since very little structural information on the non-cognate complex is available, we have used the techniques described above to investigate ion release and solvation changes that occur upon non-cognate complex formation. Figure 4 shows the ionic strength dependence of log K a of tRNA Gln /GluRS interaction. In contrast to the cognate pair, af®nity increases with increasing ionic strength.
We have attempted to verify this trend qualitatively by another technique. Figure 5 shows a region of the imino proton spectrum of tRNA Gln in the presence and absence of a stoichiometric amount of GluRS. One of the resonances in the free tRNA Gln (actually composed of two resonances) splits upon non-cognate complex formation. These resonances are likely to be AU base pairs because of their chemical shift (22) . When tRNA Gln was gradually titrated with GluRS up to 1:1 stoichiometry, the chemical shift difference gradually increased (data not shown). Addition of 100 mM KCl to the complex does not cause any decrease in the chemical shift difference (Fig. 5, bottom) . Under a similar situation, the dissociation constant of non-speci®c protein±DNA interaction is increased by several orders of magnitude. Although the GluRS and tRNA Gln concentrations are approximately two orders of magnitude higher than the dissociation constant of the complex, an increase in dissociation constant of similar magnitude as above would lead to dissociation of the complex and consequently the disappearance of the splitting. Even the dissociation constant of cognate GluRS/tRNA Glu changes by approximately two orders of magnitude under similar conditions. A similar behavior in the non-cognate case would have lead to signi®cant convergence of the two resonances. Thus it is likely that the salt sensitivity of the GluRS/non-cognate tRNA interaction is even less than the GluRS/cognate interaction. This is consistent with the results stated before. Figure 6 shows the plot of log K a versus TEG concentration. The plot, like that of the cognate case, is essentially¯at, indicating little solvation changes.
All ion and water release stoichiometries are summarized in Table 1 .
DISCUSSION
Results obtained in this study suggest little solvation change and low ion release stoichiometry upon tRNA±aaRS complex formation, which in turn suggests that unlike the DNA±protein counterpart, ion and water release only weakly contribute to the free energy of interaction in the tRNA±aaRS system. One major concern about interpreting these results in terms of nature of the interaction is the question of folding±unfolding transitions coupled to binding. In the cases of both GlnRS and GluRS (Thermus thermophilus, a homologue of the E.coli enzyme), both free and tRNA bound structures are now known and seem to rule out any major folding/unfolding event in the protein upon tRNA binding (23±25). Conformational change in tRNA due to aaRS binding is less well documented since the structure of the free tRNA Gln is not known. If the free conformation of tRNA Gln is assumed to be like that of the yeast tRNA Phe , then signi®cant change occurs at the CCA end and the anticodon loop upon binding to the aaRS. The exposed surface area of yeast tRNA Phe (crystal structure conformation) differs from the bound tRNA Gln conformation by more than 200 A Ê 2 and most of this change occurs in the regions through which the tRNA interacts with the aaRS. However, due to relatively small changes in the tRNA and aaRS structure upon complex formation (compared to the surface area buried upon complex formation), it is unlikely that a coupled folding event could entirely account for the low stoichiometry of ion and water release.
The magnitude of the ionic strength effects is highly dependent on the electrostatic interactions between negatively charged phosphates and the charged groups of the protein. The best characterized protein±nucleic acid interaction with respect to ion and water release is perhaps the lac repressor/ operator complex. Dependence of binding constant as a function of monovalent salt and osmolyte is relatively large and can be interpreted as equivalent to release of eight cations and 200 water molecules upon lac repressor dimer binding to lac operator. In the process,~3600 A Ê 2 surface area becomes buried. Figure 7A shows the crystal structure of the lac repressor±operator complex in which only protein heavyatoms within 4.5 A Ê of the phosphorus atoms are shown; 4.5 A Ê was chosen as a cut-off as any group which hydrogen bonds with the DNA phosphates will be within that distance from the phosphorus atoms. As can be seen from the ®gure, groups from the lac repressor protein closely approach approximately eight phosphates. This is close to the number of cations released obtained from the ionic strength dependence of the association constant. Figure 7B shows the picture of tRNA Gln as approached by atoms of GlnRS using the same cut-off as above. Eight phosphates are closely approached by atoms from GlnRS. Six of these groups are positively charged lysine and arginine. This number is expected to contribute signi®-cantly to the ionic strength dependence of the association constant. The crystal structure of the tRNA Glu /GluRS (T.thermophilus) complex suggests that about seven phosphates are closely approached by protein heavy atoms (data not shown). Thus one may expect relatively high salt dependence of interaction energy in the tRNA±aaRS systems studied here (24, 25) .
However, the dependence of the tRNA±aaRS interaction in the GlnRS and GluRS system upon addition of monovalent salt is very low. A signi®cant part of the explanation for lower salt dependence of the binding free energy lies in the overall charge distribution of the interacting surfaces of the proteins. In the lac repressor, there are overall 14 positively charged groups and three negatively charged groups within 10 A Ê of the phosphate, giving the DNA binding domain a highly positively charged character (Fig. 7C ). All 14 positively charged groups are within 8 A Ê of the phosphates, whereas the three negatively charged groups are within 8±10 A Ê of the phosphates. In contrast, in the GlnRS/tRNA Gln complex, 21 positively charged groups and 17 negatively charged groups are within 10 A Ê of the phosphates (Fig. 7D ) and 17 positively charged and 14 negatively charged groups are within 8 A Ê of the phosphates. This gives the tRNA binding interface a much more electroneutral character and probably much lower salt dependence of the binding free energy. Recently, Norberg (26) has calculated the salt-dependent part of the free energy for several protein±DNA complexes. In most cases, the protein has an overall positive charge except for BamHI and MetJ repressor. The salt-dependent part of the free energy is generally high for most of the complexes except for MetJ and BamHI. The salt dependence of the calculated free energy is also low for the latter two complexes compared to others, thus supporting our conclusions.
Does the low electrostatic contribution to the overall free energy of RNA±protein interaction occur in other RNA± protein systems? To our knowledge, there are three other studies of salt effect on protein±RNA interactions. Florentz et al. (27) , have also reported enhanced binding of tRNA Val to ValRS at relatively high concentrations of another cosmotropic salt, ammonium sulfateÐwhich they suggested to be due to the hydrophobic component of the interaction. Very weak salt dependence was observed by Altman and coworkers for RNA±protein interaction in Ribonuclease P (28) . Weak salt dependence of Chandipura virus leader RNA binding to P-protein was also observed (S.Basak, D.J.Chattopadhyay and S.Roy, unpublished observation). Unlike DNA±protein interactions, weak salt dependence and consequent low salt-dependent free energy may be a characteristic of many RNA±protein interactions. The relatively large contribution of electrostatic free energy in DNA±protein interaction may have evolved for other processes, such as, target search.
Electrostatic forces probably play a very important role in non-cognate tRNA discrimination as well. Discrimination of non-cognate tRNA probably occurs at several steps and a signi®cant component may be present at the initial binding step. Lack of requirement of a large electrostatic component of free energy in RNA±protein interaction may allow electrostatic interactions to be used in tRNA±aaRS interaction differently, e.g. in discrimination of non-cognate tRNAs. It has been demonstrated that Glu152 in TyrRS and Asp449 and Asp456 in MetRS disproportionately decrease binding of noncognate tRNAs by charge repulsion (29, 30) . Enhanced binding of non-cognate tRNA at higher salt concentrations reported here may suggest a similar mechanism is used by the GlnRS. Thus electrostatic repulsion of non-cognate tRNAs may be a general mechanism of discrimination.
The origin of the low water release stoichiometry upon complex formation is not clearly understood. The effect of osmolyte, TEG, on protein structure is ruled out as TEG has little effect on CD,¯uorescence and equilibrium denaturation of GlnRS (31) . Another osmolyte, L-glutamate, also showed very low ion and water release, suggesting the general nature of the results (data not shown). For comparison with the lac repressor system, if one calculates the surface area that is buried upon complex formation (excluding any conformational change), it translates to 3600 A Ê 2 in the case of the lac repressor/operator interaction and 5200 A Ê 2 for the GlnRS/ tRNA Gln interaction (23) . It would be anticipated that water release should be in the order of 200 or more for the GlnRS/ tRNA Gln interaction if the same type of solvation is assumed in both cases. We have also calculated the surface area change upon binding of tRNA Glu to GluRS (T.thermophilus). The calculated surface area change is like that of the GlnRS system (4300 A Ê 2). Although little is known about the structural detail of the hydration layer of proteins, it is possible that the nature of the surface buried may be related to water release. Another possible explanation of much reduced water release may lie in the coupled conformational change in the tRNA molecule. If the free tRNA Gln molecule is similar in structure to that of the yeast tRNA Phe in crystal, then the main interacting regions, CCA end and the anti-codon bases are all stacked in the free state. Thus, the bases are likely to be desolvated signi®cantly in the free state and hence binding to a protein pocket may not lead to signi®cant release of water molecules. Similarly, hydrophobic pockets into which these bases bind may not be solvated signi®cantly. The water release is so high in lac repressor/operator interaction probably because the interaction occurs primarily through a major groove of the DNA, which may be fairly polar and highly hydrated.
One of the ways one can obtain information about the difference between the transition state and the preceding ground state is by measuring solvation differences. Higher water release in the transition state of GlnRS strongly argues for more burial of the surface area. How much of the surface area is buried, probably depends on the region and types of interaction that occur. Whether this occurs within protein or between protein and nucleic acid cannot be stated with certainty. Previously a number of workers have postulated base speci®c contacts in the transition state as a mechanism for enhancement of aminoacylation rate for the cognate tRNA (20, 32) . All these studies were based on lowering of k cat by mutations in the tRNA, distant from the active site. Given that additional signi®cant solvation change occurs in the transition state, it is likely that this in¯uence is exerted through additional interaction of the identity elements of the tRNA Figure 7 . Protein heavy-atoms (in green) within 4.4 A Ê of phosphorus atoms of (A) lac operator and (B) tRNA Gln in a GlnRS/tRNA Gln /ATP complex. Cationic (blue) and anionic (red) residues within 10 A Ê of the (C) DNA phosphates in a lac operator/repressor complex and (D) tRNA phosphates in a GlnRS/tRNA Gln complex. The pictures were generated in RASMOL using crystallographic coordinates obtained from RCSB (1EFA for lac repressor/operator and 1qtq for GlnRS/tRNA Gln ). 
CONCLUSION
The contribution of the electrostatic component in tRNA± aaRS interaction is much smaller that its protein±DNA counterpart possibly due to the more electroneutral nature of the protein interaction domains. Amongst other possibilities, the presence of many negative charges in the interacting domain and consequent electroneutrality may have evolved so as to use charge repulsion for non-cognate discrimination at the binding step. Enhanced discrimination between the cognate and the non-cognate tRNA at the catalytic step may involve additional contact with the cognate substrate.
